Background and objectives Soluble CD40 ligand (sCD40L) is a marker of platelet activation; whether platelet activation occurs in the setting of renal artery stenosis and stenting is unknown. Additionally, the effect of embolic protection devices and glycoprotein IIb/IIIa inhibitors on platelet activation during renal artery intervention is unknown.
Introduction
Platelet activation leading to thrombus formation is a well described complication of coronary artery disease, yet its occurrence in renal artery stenosis (RAS) is unknown (1) (2) (3) (4) . RAS is a major cause of secondary hypertension and an important cause of renal failure (1) (2) (3) 5, 6) . Although the utility of stent revascularization in patients with RAS is uncertain, several studies suggest that at least a portion of patients develop a loss of kidney function after the procedure (1) (2) (3) 6, 7) . Soluble CD40 ligand (sCD40L) is expressed and secreted by platelets after activation and plays a vital role in the immune, inflammatory, and coagulative responses after injury or stress, and in the setting of transplantation has been linked to renal fibrosis (8 -15) . Moreover, high levels of sCD40L correlate with cardiovascular events in patients with unstable coronary syndromes (13,16 -18) . Glycoprotein (GP) IIb/ IIIa inhibitors may lower the level of platelet activation in vitro and the level of sCD40L released from platelets upon activation (19, 20) . A recent report from our group has demonstrated that the use of a GPIIb/ IIIa inhibitor in combination with an embolic protection device (EPD) during renal artery stenting may improve renal function after the revascularization procedure (21) . However the relationship between platelet activation and patient outcome after renal artery stenting is uncertain.
On this background, the goals of the present study were to determine (1) if platelet activation is associated with atherosclerotic RAS, (2) whether platelet activation occurs during renal artery stenting, and (3) if platelet thrombus formation captured by the EPD correlates with systemic platelet activation.
Materials and Methods
The study, ClinicalTrials.gov identifier NCT00234585, was conducted with funding provided by the sponsors, but study conduct, analysis, and reporting were performed independent of the sponsors. The International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use good clinical practice guidelines were followed with patients providing informed consent in an institutional review board-approved protocol.
Platelet activation levels from the RAS patients were compared with 30 healthy controls and with 30 patients with atherosclerosis undergoing coronary angiography, but free of RAS. A total of 100 RAS patients were recruited from seven sites. Inclusion required a history of hypertension, renal insufficiency, heart failure, or angina with poorly controlled hypertension and also the presence of one or more stenoses, Ն50% and Ͻ100, treatable with the EPD. RAS patients were randomized to the following allocations: one-half to Angioguard (Cordis Corp.), one-half to no Angioguard; one-half to abciximab, and one-half to placebo infusion, yielding four groups: control, Angioguard only, abciximab only, and Angioguard with abciximab.
Preprocedural Care
In patients with RAS before double-blinded administration of abciximab or placebo, systolic BP was lowered to Յ160 mmHg. The target activated clotting time was 275 seconds, and if the patient was randomized to the EPD device, an activated clotting time of Ͼ300 seconds was required. A bolus of 0.25 mg/kg abciximab (or placebo) was administered 5 minutes before crossing the lesion and was followed by an infusion at 0.125 g/kg per minute (maximum 10 g/min) for 12 hours.
Central Laboratory Analysis
The blinded analysis of EPD contents was performed by the CV Path core lab (Gaithersburg, MD). Platelet emboli consisted of layered platelet aggregates with varying amounts of entrapped leukocytes and fibrin as evidence on hematoxylin and eosin-stained sections (22) . GFR, calculated from the modified MDRD equation (23) , was used as the primary measure of renal function. Creatinine was measured by a modified Jaffe reaction using the isotope dilution mass spectrometry-traceable assay at the University of Minnesota Core Lab for all subjects.
Blood Collection
Peripheral venous blood was collected at baseline, immediately after, and 24 hours after the procedure in lithium heparin plasma separator tubes; spun at 1000 ϫ g for 15 minutes; and frozen at Ϫ80°C until batch analysis.
Measurement of Soluble CD40 Ligand
Plasma levels of sCD40L were measured by ELISA (R&D Systems; Minneapolis, Minnesota). The ELISA kit had intra-assay and interassay coefficients of 5% and 6%, respectively. The average minimum detectible amount of sCD40L was 4.2 pg/ml.
Statistical Analysis
Study data are presented as continuous (mean Ϯ SEM) and categorical data. Statistical analysis was performed on subjects with complete data for platelet activation measurements at the baseline, immediate after, and 24 hours after the procedure time points (n ϭ 84). SAS one-way ANOVA was used to test for significance among groups. Paired t tests and Fisher protected least significant difference post hoc tests were used to test for significance between groups. Unpaired t tests were used to test for significance between the normal subjects, patient controls, and the RAS patients. Significance was defined as P Ͻ 0.05. All analyses were performed in SAS or JMP.
Results
Baseline characteristics of the normal controls (n ϭ 30), atherosclerotic controls (n ϭ 30), and the RAS patients (n ϭ 84) are shown in Table 1 . The RAS patients had a significantly higher level of sCD40L compared with normal controls (347.5 Ϯ 27.1 versus 65.2 Ϯ 1.4 pg/ml, P Ͻ 0.001) ( Figure 1 ). However, sCD40L levels were similar when compared with the patients with atherosclerosis who were free of renal artery stenosis (347.5 Ϯ 27.1 versus 335.2 Ϯ 38.6 pg/ml, P ϭ 0.79) (Figure 1 ). Soluble CD40L, either at baseline or after the stenting, was not associated with baseline GFR or subsequent changes in kidney function.
EPD Content, Platelet Embolization, and sCD40L
Twenty-six percent (nine of 35) of the patients who received the Angioguard had platelet-rich emboli captured within the filter. In these patients with plateletrich emboli, sCD40L levels were higher than in patients without platelet emboli both before the procedure (497.9 Ϯ 105.0 versus 313.7 Ϯ 28.4 pg/ml, P ϭ 0.02) and after the procedure (443.3 Ϯ 111.3 versus 232.2 Ϯ 32.4 pg/ml, P ϭ 0.02) (Figure 2 ).
Effect of Distal Protection and Drug Treatment
Patients with RAS randomized to abciximab had a significant decrease in sCD40L levels immediately after the procedure (324.9 Ϯ 42.5 versus 188.7 Ϯ 31.0 pg/ml, P ϭ 0.003), which persisted at 24 hours (324.9 Ϯ 42.5 versus 181.2 Ϯ 19.3 pg/ml, P ϭ 0.002) (Figure 3 ). In patients randomized to the Angioguard, sCD40L levels rose slightly immediately after the procedure and at 24 hours (P ϭ 0.90) (Figure 3 ). Patients randomized to both the Angioguard device and abciximab showed a significant decrease in sCD40L immediately after the procedure (322.8 Ϯ 35.2 versus 203.6 Ϯ 33.1 pg/ml, P ϭ 0.03), but this difference was no longer significant at 24 hours (Figure 3 ).
Effect of Abciximab and Clopidogrel
Clopiogrel use was not associated with lower sCD40L at baseline. For patients on clopidogrel before intervention, sCD40L levels rose slightly immediately after the procedure and decreased at 24 hours (P ϭ 0.53). For patients randomized to Abciximab and not taking clopidogrel, sCD40L levels decreased significantly immediately after the procedure (310.5 Ϯ 33.0 versus 195.2 Ϯ 31.3 pg/ml, P ϭ 0.008), which persisted at 24 hours (310.5 Ϯ 33.0 versus 173.1 Ϯ 18.7 pg/ml, P Ͻ 0.001. Patients on clopidogrel and randomized to Abciximab showed a significant decrease in sCD40L immediately after the procedure (346.3 Ϯ 48.1 versus 198.3 Ϯ 30.6 pg/ml, P ϭ 0.02). Similar effects were seen in patients who were prescribed clopidogrel on the day of procedure.
Discussion
Platelet activation is a major cause of events and complications in coronary artery disease and with coronary revascularization (24, 25) . The use of platelet inhibitors dur-ing coronary stenting reduces the potentially harmful effects of platelet activation including abrupt vessel occlusion, myocardial infarction, and stent thrombosis (25) . To date, the extent of platelet activation and the effect of antiplatelet therapies in the setting of renal artery stenting has not been established. Thus, in the current study we sought to determine whether atherosclerotic renal artery stenosis was associated with platelet activation and the effect(s) of embolic protection and or use of platelet inhibitors on markers of platelet activation.
Increased platelet activation is associated with a variety of vascular disorders including acute coronary syndromes, stable coronary artery disease, and restenosis after percutaneous coronary intervention (26, 27) . Soluble CD40L is a particularly attractive marker for platelet activation because it is shed from the surface of activated platelets, is easily measured, and meaningfully participates in a number of important biologic processes including activation of immunity and thrombosis (28) . The current study found increased levels of sCD40L in the setting of RAS; however, this appears to be a nonspecific association with atherosclerosis in general as opposed to being attributable to RAS specifically. More importantly, although increased levels of sCD40L before the procedure were more likely to have embolization of platelet-rich thrombi, these patients had persistently elevated levels of sCD40L after the procedure. This finding may represent a potentially modifiable feature denoting increased risk for patients referred for renal artery revascularization.
The current study also demonstrated that abciximab effectively inhibits platelet activation, as denoted by substantial suppression of sCD40L, up to 24 hours after the procedure. Others have also observed the ability of GPIIb/IIIa inhibitors to lower levels of sCD40L in settings such as acute coronary syndromes and in ST-elevation myocardial infarction patients undergoing coronary intervention (29, 30) . The current finding extends the prior observation that a GPIIb/IIIa inhibitor, when combined with an embolic protection device to capture atheroembolic debris, resulted in the most favorable renal function outcome (21) .
The suppression of sCD40L release, observed with abciximab administration in the current study, creates a plausible biologic pathway to explain the observation that abciximab use was associated with improved renal function after stenting. In the kidney the sCD40L/CD40 may be directly responsible for renal injury. Previously, others have shown that angiotensin II stimulates release of renal TGF-␤ that in turn increases expression of the CD40 receptor on the proximal tubule of the kidney (31). Pontrelli et al. has shown that CD40 cross-linking on proximal tubular epithelial cells is proinflammatory and induces fibrosis by stimulating the expression of plasminogen activator inhibitor-1 (PAI-1) acting through a signaling pathway that is independent of the proinflammatory signaling effects of CD40L (15) . In addition, activation of the CD40 receptor results in infiltration of inflammatory cells into the interstitium of the kidney through monocyte chemoattractant protein-1 (MCP-1) and intercellular adhesion molecule-1 (ICAM-1) expression (32) . IL-8 amplifies CD40/CD154-mediated ICAM-1 production via the CXCR-1 receptor and p38-MAPK pathway in human renal proximal tubule cells (32) . Furthermore, inhibition of the CD40/CD40L significantly decreased the severity of renal injury in an animal model of chronic proteinuric renal disease (33) . Thus, it is conceivable that in patients with renal ischemia (1) the CD40 receptor is overexpressed due to angiotensin II stimulation, (2) sCD40L shed by locally activated platelets may activate the receptor and stimulate peritubular fibrosis in a manner independent of renal blood flow or ischemia, and (3) this process may be accelerated at the time of a stent procedure. In this regard the association between the GPIIb/IIIa inhibitor abciximab and improved renal function outcomes observed in the RESIST study (A prospec- An observation from the RESIST study was that the EPD, when used without abciximab, did not appear to improve renal function despite capturing debris. In the current study we saw a slight increase in platelet activation with the use of the EPD occurring immediately after the procedure, although this increase was not statistically significant. Conceivably, the EPD may slow blood flow in the vessel, provide a surface upon which platelets can aggre- gate, and increase local platelet activation an effect inhibited by the GPIIb/IIIa inhibitor. Admittedly the observed increase in circulating levels of sCD40L with the use of the EPD was not statistically significant; however, it may be unrealistic to expect that effects occurring on the surface of an EPD would be detected systemically.
Several studies suggest a benefit of reducing platelet activation with loading doses of 300 to 600 mg of clopidogrel before coronary interventions (34 -36) . However, in the current study pretreatment with clopidogrel or clopidogrel administration on the day of procedure did not significantly effect sCD40L levels. This may result from confounding because patients were not randomized to clopidogrel treatment and had a significantly higher prevalence of coronary artery and peripheral vascular disease, which may account for the lack of difference observed in sCD40L levels. Work by Azar et al. reported a reduction in sCD40L at a clopidogrel dose of 75 mg/d when preceded by a loading dose of 300 mg in patients with stable CAD (37) . Others, however, have failed to demonstrate an effect of clopidogrel on levels of sCD40L (38) .
Increased levels of circulating sCD40L and the impact on renal function in the setting of RAS remain speculative. Future clinical trials should address the effect of sCD40L inhibition on distal embolization and renal function with long-term follow-up. The current study provides a foundation for exploring the role of CD40/CD40L signaling and the generation of renal fibrosis during ischemic renal injury.
The following limitations of our study warrant mentioning: The current study used sCD40L as the key measure of platelet activation. We did not measure sCD40L at 1 month, and we do not have longer-term follow-up of renal function beyond 1 month. Thus, it remains uncertain whether other indices of platelet activation would provide additional insights or whether longer-term follow-up would have yielded similar results for kidney function.
Atherosclerotic RAS is associated with increased platelet activation, but this increase appears to be attributable to atherosclerosis in general, not RAS specifically. However, in patients with higher levels of platelet activation before the procedure, embolization of platelet-rich thrombi is more common. Abciximab effectively inhibits platelet activation and sCD40L release, a mechanism that may explain the beneficial effect on renal function 1 month after the procedure that has been previously observed.
